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• 
INTRODUCTION • 


4· 1 
Production of X· Rays • 


• 
X·rJYs are electromagnetic radiations of 


frcqLl~J1cies from Jbout 10 16 Hz* to about 1010 


Hz. o\'~rlJPping ultraviolet radiation at the low 
frequency end of the spectrum and gJmlTIa rays 
at the hi:,h end (see Figure 4-11. The wave- 
lengths 0, the radi3tions are given by 


'" = elv cm, 


wheri:' v is the frequency in Hz, and e is the 
velocity of light (3x 1 010 cm per sec)_ X-rJYs 
exhibit particle-like properties as well as wa\'e- 
like properties, and are absorbed or emitted in 
qUJJ1ta, or photons, of energy 


E = IIv ergs, 


where II is Planck's const:1I1t (6.6~5x 1 0. 2 7 erg- 
secl. This energy is ordinarily expressed in 
",,,'l",. "rull·vults (keV).t Figure 4-2 shows X- 
ray wa\'elength and frequency as a function of 
photon energy. The more energetic X-rays of 
higher frequency are commonly known as 
"hard" X-rays, and the less energetic ones are 
c0lJ.res ondingly "soft." 


The distinction between X-rays and 
ot ler electromagnetic radiations is not made 111 
terms of their respective frequencies but in 
terms of their method of production. Gamma 


ray~, for instance, are those photons produced as 
" result of nuclear forces, whereas production of 
X-rays is associated with electromagnetic forces 
aCl!l1g on electrons. Two basic physical mech- 
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anisms are principally responsible for X-ray pro- 
duction; the corresponding emissions are brems- 
strahlung (braking radiation) and the character- 
istic radiation. 


_ 
Bremsstrahlung is a result principally of 


in:ic (or radiative) scattering of fast electrons 
by atoms. If a beam of monoenergetic electrons 
impinges on a thick target, a spectrum of X-rays 
is produced with maximum energy equal to that 
of the electrons and a spectral distribution that 
d~ds on the atomic number, Z, of the target. 


_ 
The spectrum of X-rays from such an 
expeTlment will contain (in addition to the 
bremsstrahlung spectrum) a number of intense, 
fairly sharp spectral lines. These lines are charac- 
teristic of the material being bombarded and 
result from X-rays that are emitted when the 
atomic electrons rearrange themselves into states 
of lower energy after one or more electrons have. 
been knocked out of the atom by the bombard- 
ing electrons. Since the atomic electrons must be 
in one of a number of discrete energy stages, 
transitions between the states are accomplished 
by emissions of photons of discrete energies. If 
the initial beam has sufficient energy t9 remove 
the most tightly bound (K-shelJ) electrons from 
the atom, all possible transitions between states 
will result in X-rays and all of the characteristic 
spectral lines will be seen. At slightly lower in- 
cident beam energies. the K X-ray lines will dis- 
appear but the other lines will still be observed, 
and so on. The frequencies of the characteristic 
radiation depend on the atomic numbers of the 


"I Hz (Hertz) = I cycle per second. 
t I keY = 103 ev: I ev = 1.6 " 10.12 erg. 
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Properties of Electromagnetic Radiation.' 
'-4-... .,.;/:-.J'--__ -'-____ _ 


( 


¥ 


0 .. 
0 
10 
3 r------------r~----------+_----------_+------~~_7~----------_; 10-6 


w 
a:: 
::. 
.... 
Cl 
a:: 
W 
Q. 
:E 


'" 
... .. ., 
E 


!oJ 
.... 
10 
2 r------------+------------~r_----~--~------------~----------~ 10- 
7 


c: .. 
u - 


a: 
0 


N :r 
! 
0 


>- 
10 


U 
Z 
!oJ 
::> 
0 
!oJ 
a: 
~ 


PHOTON ENERGY (kevl 


Flg'jre 4-2. _ 
Wavelength, Frequency, and Temperature as a Function 
of Electromagnetic Photon Energy. 


targe-t materiJls: th~ higher the atomic l1'ul11ber. 
the higher is the freqLle-ncy and energy of the- 
hardest characteristic X-ray. 


4-2 
Black Body Radiation • 


• 
The- me-chanism wherl'by an atom is iOIl- 
iz~ loses aile or sevcral electrons) dOes not 
altt'f thl;' charactt'fistics of the X-r~lYs emitted as 
the ioniud atom de-I;'xcites (recaptures elec- 
trons). An X-ray can be producC'd no matter 
whdher the ionization is produced by an inci- 


dent fast electron or by any other process leav- 
ing an unfilled energy level. Similarly. any pro- 
cess whereby fast electrons are decelerated 
rapidly can produce X-ray bremsstrahlung. Both 


~ypes of conditions are found in high tempera- 
ture plasmas. which are composed of molecules. 
atoms. ions. electrons. and accompanying elec- 
, tromJgnetic radiation. all in a state- of theTlml 
excitation corresponding to the temperature of 
the plasma. The hotter the plasmJ. the less likel) 
it is thJt nonionized atoms and molecules will be- 
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'!!!t. ond the more likely will be the presence 
of multiply ionized atoms. At very high temper- 
atures. tht' atoms can become completely ioni- 
zed. ka· .. ing only bare nuclei'and electrons in the 
plasma. Under such conditions. the possible fre- 
q u encies of "characteristic" X-rays become 
essenti::llly a continuum, both because so many 
ent'rgy states are unfilkd and because the ther- 
m:11 motions of the nuclei couse Doppler shifts 
in the frequencies of the emitted lines. The re- 
sult:JI11 rodiation is simiLu to that from any hot 
gas. except thot the plasmJ cm bt' enormously 
hotter Jnd thl.'refore can emit much higher fre- 
quencies. induding X-rays. as well as ullfa\'iold. 
visible'. :ll1d infrJred radiJtions . 
.. PlaSlll:1S are. in generJ!. Vl'f) complex. 
an~<:' spectrJI distributions of the r3diJtion 
emitteu from 
th~m Jrl.' cOTfespondii1gl:- 
COI11- 
pkx, Ho\\e\er. mllch insight can bl:' gainl:'d by 
studying a simpkr. idl:'Jliud ther111;.1/ r:1diJtor. 
the bIJck bod~. Thi~ docs not me:1n th:1t radia- 
tion from a plaS11lJ CJn be' chJr3cterizl:'d by a 
black bod~. but in SOll1'.:' CJses a bbck body pro- 
vidl.'s a rough Jpproximation. Black bod:- rJdia- 
tion is that st'en t'merging through a smJIl hok 
in tht' WJll of a hollow bod:- at a constant tem- 
perature. It is also known as isotht'rmal CJvity 
radiation. BIJck body radiJtion has been studied 
extensiwly both, e\.peri11le'ntally and the'orl'ti- 
I...Jii: . .J •• .j ,llc' fol/owing results are of interest. 
(U) The totJI power emitted per unit area of 
a black body at absolute temperature Tis 


where the Stefan-BoltzI11JI1J1 constant a is equal 
t05,()7x 10. 5 ergsec· J cl11· 2 °K·4 , 
.. 
The theoretical expl::JnJtion of the ob- 
se~ 
distribution of the frequencies of the 


radiJtion depended on the qUJntul11 hypothesis 
advanced by Planck. and the energy spectrum is 
g'.:'l'cr::!!I> r'.:'ferred to as a Planck spectrum. The 
Planck spectrum. in terms of the energ~ density 
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radiated between wavelengths A. and A. + dA.. is 


\}IOddA. = 87TC~ 
dA. 
~ e(ch/ >-.kT) -1 


where all symbols are as previously defined. ex- 
cept that k is the Boltzmann constant and is 
equal to 1.38 x 10·J6 erg/OK. The PI::Jnckspcc- 
trum can also be expressed in terms of the 
power emitted per unit area per unit freqliency 
for photons with frequencies between v. and v + 
dvas 


4>s(vJdv = 


• 
Since both hI) <lnd k T have the dimen· 


sions of energy (and can be expres:.cJ in keY l. 
the spectral distribution C::J1l be expressed in 
terms of the normJlized energy(a dimensionless 
parameter) 11 = hv/k T as 


where use has been made of the Stefan-Boltzman 
equation. and 


F( 11) 


is c::Jlled the density function of the normalized 
Planck distribution. The quantity F{u)dll is the 
fraction of the total radiation emitted by a black 
body at temper::Jture T between the frequencies 
I) and I) + dv. where I) = u(/,. TIIlJ. 
... The fr<.lction of photons with energies 
Ie~Jn Izv is therefore 


C(u) = i 


U 
F{l/')du' 


C(II) is called the cumulative distribution func- 


,(. 


C 


Table 4-1.11 Normalized Planck Distribution • 


Normailzed 
Energy. u 
Density Function, F(u) 


Cumulative Distribution 
Function, G(u) 


0.5 
2.9674 x 


1.0 
8.9627 x 


; .5 
1.4928 x 


2.0 
J .9283 x 


2.5 
2.1519 x 


2.82 (u ma.,) 
2.1890 x 


3.0 
2.1787 x 


4.0 
1.8389 x 


5.0 
1.3059 x 


6.0 
8.2660 x 


7.0 
4.8212 x 


8.0 
2.6459 x 


9.0 
1.3857 x 


10.0 
6.9920 x 


• 


tion (note that G(oo) = 1 for all temperatures). 
The functions F(u) and G(u) are tabulated in 
Table 4-1 and plotted in Figure 4-3. The maxi- 
lIlum 01 the density function occurs at urn a x = 
2.82144. Other useful relationships are that only 
about three and. a half percent of the radiation 
occurs at energies below kT (u = 1), and only 
about thirty-five percent below the peak of the 
spectrum (u = 2.82). Only one percent of the 
energy is radiated in photons with energies great- 
er than ten times the black body temperature 


10-2 


10-2 


10-1 


10-1 


10-1 


10-1 


10-1 


10-1 


10-1 


10-2 


10-2 


10-2 


10-2 


10-3 


5.2932 x 10-3 


3.4618 x 10-2 


9.4780 x 10-2 


1.8114 x 10-1 


2.8402 x 10-1 


3.5368 x 10-1 


3.9301 x 10-1 


-v 
5.9702 x 10-1 


7.5453 x 10-1 


8.6016 x 10-1 


9.2442 x 10-1 


9.6084 x 10-1 


9.8038 x 10-1 


9.9045 x 10-1 


(kT), i.e., for u ~ 10. The median energy is at 
about u = 3.5 . 


• 
Ideal black bodies produce some radia- 
tion at all frequencies. In order for significant 
quantities of X-rays to be produced, however, 
the temperature of the black body must be great 
enough that urn ax occurs in the X-ray region, 
i.e., for the hv - 
.3 keY or greater. This implies 
that kT > 0.1 keY or that T must be greater 
than about a million degrees Kelvin. 
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Problem 4-1. 
Calculation of Spectral Distribution and Cumulative 
Emissions from Black Body Sources 


• 
Figure 4-3 and Table 4-1 show the nOT- 


malized energy distribution and the normalized 
cumulative energy function for biack body radi- 
at ors. -These normalized functions may be 
applied to black body radiators of various tem- 
peratures expressed in any unit of temperature 
measure. The common unit of temperature mea- 
sure for high temperature plasmas is keY. 
• 
Scaling 


a. To find the fraction of total energy 
emitted at a specified photon energy, hll, divide 
the specified photon energy by the black body 
source temperature, k T. to obtain the normal- 
ized energy, u. 


hll 


U =-- 
kT 


Enter Figure 4-3 with the normalized energy, 
and read the fraction of the total energy emitted 
at the specified energy from the density func- 
tion curve. 
b. To find the cumulative fraction of ener- 


gy emitted at or below a specified photon ener- 
gy, hll, divide the specified photon energy by the 
black bod~source temperature, kT. to obtain 


,,:; ... UU.I HJI. .... ~~L.""\.r -.!c,u~rgy ~ U, 


hI) 


U = kT' 


Enter Figure 4-3 with the normalized energy, 
and read the cumulative fraction of energy emit- 
ted at or below the specified photon energy 
f_O the cumulative distribution function curve. 


_. Example. 
_ 
Iveli .- 
a. A black body radiating at a temperature 
of 2 hY. 


h. A black body radiating at a tempera- 


ture of 3 keY. 
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Find: 
a. The photon energy that is emitted with 
the greatest frequency from the 2 keY black 
body. 
b. The photon energy at which 65 percent 
of the total energy emitted contains photons of 
that energy or lower from the 3 keY black body. 


Solution: 
a. From Figure 4-3 (or Table 4-1), the 
peak emission occurs at a normalized energy o~ 


u = 2.82. 


b. From Figure 4-3, 65 percent of the 
energy is emitted at normalized energies equal or 
less than 


u = 4.3. 


Answer: 
a. The photon energy that is emitted with 
greatest frequency from a 2 keY black body 
radiator is 


hll = 2.82 kT = (2.82)(2) = 5.64 keY. 


b. Sixty-five percent of the photons from 
a 3 keY black body radiator have energies equal 
to or less than 


hll = 4.3 kT = (4.3)(3) = 12.9 keY 


(Thirty-five percent of the photons will have 
energies greater than 12.9 keY.) 
Reliability: Figure 4-3 represents the den- 


sity function and cumulative distribution func- 
tion of theoretically ideal black body radiators. 
Actual radiators will deviate from the ideal. 
Related Material: See paragraphs 4-1 and 
4-2. 
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4·3 
Interactions of X·Rays with Matter. 
.. J LIst as X-rays are produced principally 
b~enomena involving electrons. the principal 
interactions of X-rays with matter also depend 


011 :nol1lic electrons . 


• 


In the photoelectric effect. an X-ray is 


total y absorbed: its energy is partly used in 


o\"(~rcoming the binding energy of an atomic 
ekctron. and the remJinder is imparted as kinet- 
ic energy to the ekctron and (to a much lesser 
extent) to the recoiling ion. No scattered X-ray 
is obserwd: however. the deexcitation of the 
Ionized atol11 CJn result in secondary X-ray. 


ultr~l\iolct. or opticJI radiation. This phenome- 
non is knowl) as fluorescence. Photoelectric - 
absorption is most probablt' when the X-ray 
energy just e:\ceed~ the binding energ:.' of a par- 
ticulJr ekctron. Thus. as the wavelength of the 
incident X-rJY increases (the energy decreases), 
the probability of absorption gradually rises un- 
til the bindll1g energy of the K-shell electron is 
reached. It then abruptly drops (the "K- 
absorption edge"). and then begins rising again 
until the next absorption edge is reached. and so 
o. Another effect is Compton (inelastic) 
scattering. When an X-ray collides with an elec- 
tron. it is possible that, not only a resultant 
energetic electron, but also a scattered X-ray 
photon of lower frequency (longer wavelength) 
will be observed. This usually happens when the 
target electron is free or very loosely bound. If 11 
is assumed that the electron is free, the in terac- 
tion can be analyzed as collision between two 
particles. Conservation of momentum and 
energy then yield the relation 


'A' - 
'A = h 
(I - cos () 


where 'A is the wavelength of the incident pho- 
ton, \.' th2t of the scattered photon, e the angle 
of scattering, and mo the mass of the electron 
(9.1 x 10.28 g). 
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• 
A third effect is elastic scattering. If an 
electro'n is excited by an electromagnetic wave. 
it wiIl gain energy and oscillate. As a moving 
charge, it will then reradiate the energy as elec- 
tromagnetic radiation of the same frequency. 
which appear as scattered photons. The scatter- 
ed photons may be coherent (in phase) or inco- 
herent (random phases). 
. 
• 
The probability that any of the above 


scattering or photoelectric processes will .take 
place is given in terms of a cross-section a (so 
called because it has units of area), which is the 
probability of a given interaction taking place 
under the condition that one interaction per 
unit area is possible. 
. 
.• 
I~ the medi~m with which the X-rays 
Interact IS charactenzed by an electron density 
Pe ' then for every centimeter an X-ray traverses, 
there are Pe electrons. within a cross-sectional 
area of one cm 2 with which it can interact. The 
probability of interaction per centimeter is 
therefore P = Pe a. Since this is also the proba- 
bility that an X-ray disappears from the incident 
beam, the beam intensity falls by a factor e·lJx 
after having penetrated a distance x into the 
material. It is often convenient to express the 
penetration in terms of the total amount of ma- 
terial "seen" by the beam, px, where p is the 
mass density of the material. In this case. the 
mass attenuation coefficient K = pip is used. The 
mass attenuation coefficients for air are shown 
as a function of X-ray photon energy in Table 
4-2 and in Figure 4-4. 
_ 
If the X-rays radiate isotropically from a 


p~source rather than in a narrow beam, the 
flux, <1>, of X-rays (photons per unit area per 
unit time) at any point depends not only on the 
exponential attenuation described above but al- 
so on the spherical attenuation, so that 


where R is the radial distance from the source 


( 


Table 4-2, II Mass Attenuation Coefficients for Air _ 


Photon 
Total 


Energ) 
Scatter 


(kcV) 
(cm2jg) 


2 
9,791 x 10-1 


3,2* 
7.754 x 10-1 


, ., ~ 
-'.- 
7.754 x 10-1 


4 
6.707 x 10-1 


6 
5.070 x 10-1 


8 
4.126 x 10-1 


10 
3.529 x 10-1 


20 
2.409 x 10-1 


40 
1.885 x 10-1 


60 
1.690 x 10-1 


80 
1.569 x 10-1 


100 
1.480 x 10-1 


200 
1.210 X 10-1 


400 
9.468 x 10-2 


600 
8.014 x 10-2 
--- 
• Argon K-Absorption Edge. 
-. 
anu ,\ IS the total number of photons emitted by 
the source per unit time. This, however, is only 
the componen t tha t reaches the poir1 t, ,d irectly 
from the source. Scattered photons (t'oherent, 
incoherent, and Compton) originating at other 
points also reach the point. The result is that the 
flux of that point is larger .by a buildl.'p tactor B. 
The magnitude of B depends on the distance 
from the source, the energy spectrum of the 
X-rays, and properties of the scattering material 
in complex ways. It is ordinarily calculated by 
computer codes. The integral of the flux over 
time. or the total number of X-ray photons per 
unit area reaching a point, is known as the 


Total 
Photoelectric 
Attenuation 
(cm2/g) 
(cm2jg) 


4.95 x 102 
4.960 x 102 


1.34 x 102 
1.348 x 102 


1.56 x 102 
1.568 x 10~ 


8.27 x 101 
8.337 x 10 1 


2.30 x 101 
2,351 x 101 


9j4 x 10° 
9.953 x 10° 


4.57 x 10° 
4.923 x 10° 


4,96 x 1O~1 
7.369 x 10-1 


5.07 x 10-2 
2.393 x 10-1 


1.33 x 10-2 
1,823 x 10-1 


5.29 x 10-3 
1.622 x 10-1 


2.61 x 10-3 
1.506 x 10-1 


1.68 X 10-4 
1.212 x 10-1 


9.80 x 10~ 
9.469 x 10-2 


3.92 x 10~ 
8.014 x 10-2 


fluence. Flux and j7uellce are also commonly 
described in terms of the energy carried by the 
photons instead of their number. 


SECTION I 
_ 
NUCLEAR WEAPONS AS 


X-RA Y SOURCES. 


4-4 
X-Ray Production in 
Nuclear Weapons • 


The multitude of processes that 
occur very early in the detonation of a nuclear 
weapon are described in Chapter I. The result, 
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Figure 4-4 .• 
Mass Attenuation Coefficients for Air • 
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(' 


as far as X-ray production is concerned, is that a 
very hot (tens of millions of degrees Kelvin) 
plasma is formed, consisting of electrons and the 
stripped nuelei of the fission and fusion prod- 
ucts, of the elements in the casing materials, and 
of any other elements in the immediate vicinity 
of the detonation, such as nitrogen and oxygen 
in the air. Although the spectrum of emissions 
from this plasma is not that of a black body, 
particularly because the temperature is by no 
means uniform, it often approximates a black 
body spectrum, or a combination of two or 
more such spectra. The disposition of X-rays is 
further comp!.irated by interactions with the 
at.os 
here. 
Approximately 70 to 80 percent of 
the 
0 a prompt yield of many nuel 
. 


is radiated in the form of X 


Energy Emitted • 


A temperature gradient, decreasing 
out 
, exists between the enormously hot in- 


terior nuclear materials and the somewhat cooler 
exterior bomb casing· materials of the nuclear 
weapon. The X-rays, of course, are continuously 
being absorbed and reradiated, but with a tem- 
perature gradient, the conditions for an ideal 
black body with isotropic radiation at every 
point do not· exist, and there is a net flow of 
energy outward from the point of detonation. 
The outward flux at the surface is, in fact, about 
twice what would be implied by black body 
radiation at the temperature of the surface be- 
cause of X-rays from the interior escaping with- 
out interaction at the surface. If the actual sur- 
face temperature is Ts' then the surface energy 
flux is given by 


where 


T 
= 21/4 T = 1.19 T . 
e 
s 
s 


The effective temperature, Te , will be 
the succeeding discussions. 


Rate of X-Ray Emission • 


used in 
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~.iI 


~{3 
",if._," 
/ 


cannot con 
ue 
at the peak emission rate because the loss of 
energy cools the plasma and it radiates corre- 
spondingly less rapidly as time goes on. '1 be time 
necessary to radiate a given fraction (about 90 
percent) of the weapon energy increases with 
the size of the emitting sphere (r), and of course 
is larger than the time calculated from the peak 
emission rate; however, it is still generally mea- 
sured in shahs or tenths of a shake for most 
weapons. 


4-7 
Spectral Distribution of X-Rays • 


An approximation of the X-ray spec- 


om nuclear weapons can be obtained from 
the normalized Planck distribution by applying 
the appropriate multiplicative factors to the 
independent (u) and dependent (F and G) vari- 
ables for the black 
te 
rature indicated 
h 4-2) 
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IS given 


ern 
equivalent black body spec- 
trum can now be constructed and compared 
with the rest of the measured spectrum. Some 
examples of such comparisons will be shown in 
subsequent paragraphs. 


• 
For the purpose of calculating X-ray ef- 


fects, the spectrum is most useful if tabulated by 
intervals in u enclosing approximately equal 
energy increments of the cumulative distribution 
function. In such computations, each increment 
is treated as being composed of monoenergetic 
photons of the central energy. Table 4-3 shows 
the boundaries of the energy intervals for ap- 
proximately five percent increments of the nor- 
malized cumulative distribution function and 
the corresponding boundaries of photon energies 
for several source temperatures. Five percent in- 
crements may be too coarse for estimating ef- 
fects both at the very low and very high ends of 
the spectrum. For these regions, the one percent 
increments shown in Table 4-4 may be useful. 
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Real Nuclear W~s 
8S 


X-Ray Sources _ 


- 
Since X-rays are attenuated rapidly 
~ry 
little can be ascertained about the 


initial properties of nuclear weapons as X-ray 
sources from atmospheric weapons tests. How- 
ever, X-ray effects may constitute the principal 
kill mechanism 
terce ion of 


.• 


Table 4-3. - 


Five Percent Energy 


Cumula:ive 
Distribution 
Function 
1 keY 


0 
0 
0.0506 
1.16 


0.1 008 
1.54 


0.151 I 
1.84 


0.2007 
2.10 
0.2500 
2.34 


0.3013 
2.58 


0.3493 
2.80 
(l.4017 
3.04 
0.449\ 
3.26 


0.4994 
3.50 
0.5515 
3.76 


0.6007 
4.02 
0.6499 
4.30 
0.7010 
4.62 


0.7519 
4.98 


0.8004 
5.34 


0.8499 
5.88 


0.9003 
6.56 


" 
()~"'"I 
7.64 


Figures 4-6 
some· 


X-ray spectra from real nuclear weapons, both 
observed and predicted. Figure 4-6 shows the 


LrUI11 of a warm X-ray wea on. 
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Intervals for a Planck Spectrum" 


Photon Energy in keY for 
Various Black Body Temperatures 


2 keY 
8 keY 
10 keY 


0 
0 
0 


2.32 
9.28 
11.60 
3.08 
12.32 
15.40 


3.68 
14.72 
18.40 
4.20 
16.80 
2\.00 


4:.~g 
18.72 
23.40 


5.\6 
20.64 
25.80 
5.60 
22.40 
28.00 
6.08 
24.32 
30.40 
. 6.52 
26.08 
32.60 
7.00 
28.00 
35.00 


7.52 
30.08 
37.60 
8.04 
32.16 
40.20 
8.60 
34.40 
43.00 


9.24 
36.96 
46.20 


9.96 
39.84 
49.80 
10.68 
42.62 
53.80 


11.76 
47.04 
58.80 


13.12 
52.48 
65.60 


15.28 
61.12 
76.40 


Table 4-4. II One'Percent Energy Intervals for a Planck spectru. 


Cumulative 
Photon Energy in keY for 


Distribution 
Yarious Black Body Temperatures 


Function 
I keY 
2 keY 
8 keY 
10 keY 


0.0105 
0.64 
1.28 
5.12 
6.40 
0.0205 
0.82 
1.64 
6.56 
8.20 
0.0295 
0.94 
1.88 
7.52 
9.40 
0.0402 
1.06 
2.12 
8.48 
10.60 
0.0506 
1.16 
2.32 
9.28 
11.60 
0.0597 
1.24 
2.48 
9.92 
12.40 
0.0697 
1.32 
2.64 
10.56 
13.20 
0.0804 
1.40 
2.80 
11.20 
14.00 
0.0903 
1.47 
2.94 
11.76 
14.70 
0.1008 
1.54 
3.08 
12.32 
15.40 


0.9003 
6.56 
13.12 
52.48 
65.60 
0.9098 
6.72 
13.44 
53.76 
67.20 


(' 


0.9200 
6:91 
13.82 
55.28 
69.10 
0.9300 
7.12 
14.24 
56.96 
71.20 
0.9401 
7.36 
14.72 
58.88 
73.60 
0.9502 
7.64 
15.28 
61.12 
76.40 
0.9598 
7.96 
15.92 . 
63.68 
79.60 
0.9700 
8.39 
16.78 
67.12 
83.90 
0.9801 
8.98 
17.96 
71.84 
89.80 
8.9980 
9.94 
19.88 
79.52 
99.40 


( 


SECTION II 


- 
X-RAY ENVIRONMENTS 
PR~ 
BY NUCLEAR WEApONS • 


4·9 
Exoatmospheric (Vacuum) 
Detonations _ 


X-ray environments from nuclear 


elOna 
s are completely specified by the 


JI1dgJlituue of the source and the distance from 
the source to the point of interest if the detona- 
tion occurs in a vacuum. If the detonation oc- 
curs at an altitude sufficiently high that essen- 
tially vacuum conditions prevail, it is designated 
an exoatmospheric detonation. Since, in any 
case, the vacuum will be less than perfect, the 
distinction between ~xoatmospheric and endoat- 
mospheric detonations will depend on the de- 
gree to which effects vary from those predicted 
for a vacuum. This will depend on weapon de- 
sign features, particularly whether the X-ray 
Jl 


trum is hot or cold. 
For perfect vacuum conditions, the X- 


ra' energy fluence at a range R from the point 
of detonation is 


Eo 
2 


I{) =-- cal/em 
411R2 


"'np~p F' 
is the X-ray yield of the weapon in 


.:> 
calories and R is the distance in centimeters. If 
E 
is not known, it may be estimated as 75 
o 
percent of the total yield of the weapqn. Using 
the relationship that I kt = 101 2 calories, the 
vacuum fluence is shown as a function of dis- 
tance from detonations of various x-ray yields in 
Figure 4-12. The fluence may also be calculated 
from the equation 


85.7 W x 


I{) = ------''- 
R~ 


',\'!;::c J~IX is the X-ray yield in kilotons and R f is 
the range in kilofeet. 


• 
Since no interactions can take place in 
an empty medium, no changes in the spectral 
distribution of X-rays occurs in exoatmospheric 
detonations. For the same reason, the tim\: de- 
pendence of X-ray energy flux is unchanged, and 
the time of arrival of the pulse at range R is R/c, 
where c is the velocity of light. Since, for the 
calculation of effects, only times relative to the 
arrival time are important, the only variation of 
effects with range is due to the variation in total 
fluence. 


4-10 
Endoatmospheric Detonations • 
II The X-ray e~vironmer:! produced by nu- 


clear detonations within the atmosphere are 
much more complicated because of the many 
interactions that can take place between the 
X-rays and the atmosph~ric constituents. Photo- 
electric absorption, elastic scattering, and inelas- 
tic (Compton) scattering all play a part in alter- 
ing the total X-ray fluence that reaches a given 
range, the spectral distribution at that point, and 
the time rate of energy delivery. Density gradi- 
ents and other inhomogeneities in the atmo- 
sphere cause the X-ray environment to deviate 
from the spherical symmetry exhibited in vac- 
uum detonations. Because of scattering, the 
X-ray photons arriving at a given point do not all 
arrive from the direction of the detonation; in 
fact, some may arrive from precisely the oppo- 
site direction. 


4-11 
The Standard Atmosphere • 


• 
The estimation of X-ray environments 
around an endoatmospheric nuclear detonation 
requires a knowledge of the atmospheric prop- 
erties along any path that an X-ray photon 
might traverse from the weapon to the point of 
interest. Although atmospheric properties can 


~change somewhat from day to day and place to 
place, most calculations are based on a standard 
atmosphere such as the one described by the 
National Bureau of Standards in 1962. The irn- 
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Figure 4-12 .• 
X-Ray Fluence in a vacuum. 
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( 


• 
portant atmospheric constituents are 


Nitrogen 
Oxygen 
Argon 


Fraction by 
Weight 


0.7553 
0.2318 
0.0129 


Argon is included because its photoelectric ab- 
sorption cross section for X-rays is large and seri- 
ous errors can be made if it is neglected. The 
other minor components of the atmosphere, 
however, can be neglected without serious loss 
of accuracy . 
• 
The other principal feature of the stan- 


dard atmosphere is its variation in density with 
altitude. The density. p, falls approximately ex- 
ponentially with increasing altitude, as is shown 
in Table 4-5 and Figure 4-13. Also shown is the 
quantity of air above a given altitude; h. which is 
given by the mass integral 


q(h) = f""" p(h')dh' 
h 


Table 4-5 also shows the density normalized to 
the sea level density , Po' 
II If two points are at altitudes h I and h2 
ana are separated by a horizontal distance, d. 
then the slant range R is given by 


and the mass integral between them is given by 


R 
q(R} = [ 
p(h'}ds' 


• 
This expression reduces to 


when d = 0 and (in the limit) to 


q(R) = p(h)R 


when hI = h2 (the coaltitude case) . 


• 
These values for the mass integral be~ 


tween the source of X-rays and the point of ob- 
servation are to be used for the quantity pR in 
. the flux or fluence attenuation equations as de- 
scribed in paragraph 4-3. When the mass integral 
is used instead of the absolute range~ the X-ray 
environment is substantially independent of 
other parameters; this property is known as mass 
integral scaling. 


4-12 Direct X-Ray Fluenc. 


in the Atmosphere _ 


• 
If the attenuation equations are com- 


bined with the results for vacuum fluence, the 
direct fluence from a weapon with W x kilotons 
of X-ray yield is 


85.7 HI 
_....,.-_x 
..... · e -" q (R ) 


IPdu = R2 
f 


at a range R. where q is the mass integral calcu- 
lated along Rand K is the mass attenuation coef- 
ficient. Notice that q will not be the same fat; 
different directions of R unless the atmosphere 
is essentially uniform, so that contours of con- 
stant fluence usually are not spherically sym- 
metric about the burst point, although they 
usually are cylindrically symmetric about a ver- 


t~xis. 
_ 
Moreover, the value of the mass attenua- 


tion coefficient " varies with X-ray photon 
energy according to the curve shown in Figure 
4-4, so that the direct fluence must be calculated 
by weighting monoenergetic calculations by the 
spectral distribution. For a given penetration of 
the atmosphere, q( R), this weigh ting process can 
be replaced by using an effective K, but the .value 
. of this effective K will change with q( R)' Similar- 
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Table 4-5. II The Standard AtmosPhere. 


Altitude 
(kft) 


o 
5 


10 
20 
30 . 


40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 


150 
160 
180 
200 


:~J 
300 


400 
500 
1,0()o 
- 


1.2250 x 10-3 


1.0556 x 10-3 


9.0477 x 10-4 
6.5312 x 10-4 
4.5904 x 10-4 
3.0267 x 10-4 
1.8756 x 10-4 
1.1628 x 10-4 
7.1742 x 10-5 


4.4174 x 10-5 


2.7391 x 10-5 


1.7101 x 10-5 


1.064 7 x 10-5 


6.6487 x 10-<; 


4.2214 x 10~ 
2.7222 x 10-<; 
1.7810 x 10-<; 
1.1968 x 10-<; 


5.6991 x 10-7 


2.7163 x 10-7 


3.6248 x 10-8 
2.3839 x 10-9 
1.8645 x 10-11 


1.6329 x 10-12 


3.2769 x 10-14 


Iy, the spectrum changes as matter is traversed 
because of the varying proportions of photons 
absorbed or scattered out of the flux at varying 
M 


energies. 
In practice, the most accurate method 
or calculating fluences uses Monte Carlo com- 
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Mass Integral 
Above Altitude 
(g/cm2) 


1.0331 x 103 


8.5967 x 102 


7.1059 x 102 


4.7525 x 102 


3.0749 x 102 


1.9305 x 102 


1.1973 x 102 


7.4292 x 101 


4.6182 x 10 1 


2.8855 x 101 


1.8151 x 101 


1.1493 x 101 


7.3417 x 100 


4.7534 x 100 


3.1247 x 100 


2.0831 x 100 


1.4070 x 100 


9.5903 x 10-1 


4.4396 x 10-1 


1.9859 x 10-1 


2.0476 x 10-2 


1.5137 x 10-3 


2.7532 x 10-5 


6.2391 x 10-<; 
o 


Density 
Normalized 
to Sea Level 


1.0000 x 100 


8.6170 x 10-1 


7.3859 x 10-1 


5.3316 x 10-1 


3.7473 x 10-1 


2.4708 x 10-1 


1.5311 x 10-1 


9.4919 x 10-2 


5.8565 x 10-2 


3.6060 x 10-2 


2.2360 x 10-2 


1.3960 x 10-2 


8.6918 x 10-3 


5.4275 x 10-3 


3.4460 x 10-3 


2.2222 x 10-3 


1.4539 x 10-3 


9.7697 x 10-4 
4.6523 x 10-4 
2.2174 x 10-4 
2.9590 x 10-5 


1 .9460 x 10-<; 
1.5220 x 10-8 
1.3330 x 10-9 


2.6750 x 10-11 


puter codes with accurate photon cross sections 
for each energy group and each scattering or ab- 
sorbing process. This technique is also essential 
for following those X-ray photons scattered out 
of the direct fluence, as will be discussed subse- 
quently. 
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Figure 4-13. • 
The Standard Atmosphere • 
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4-'3 
Scattered X-Ray FluenceB 


• 
ThlC' X-rJys arriving at a given point 


COI11C not only dircctly from the- source but also 
indire-ctly (and l!sually from other: directions) 
after oncor more scattering events. The proba- 
bilities of scattered photons contributing to the 
flux de-pends o,n the total cross sections for scat- 
tering and the differential cross sections for scat- 
tering at specific angles. The flux of scattered 
phctol1s is usually computed by a Monte Carlo 
simulation of the paths t:Jken by a representative 
"""'I'" ": iJ"vLUH.,. l,,)...ing into account also the 
possibility of degradation of energy in Compton 
scat1l.'ring. The resultant flux adds to that pene- 
trating directly from tl1esourcC'. and the ratio ef 
the total fluence to the direct fluence is known 
as the build-up factor. The bllild-llp factor in- 
crease-s frol11 unit\' yen near the SOllTCl' to 1110re 
- 
- 
. 
than one hundred for longer ranges. 


• 
\0 simple analytic expression gives the 
bL 
-up factor. but Figures 4-14 through 4-16 


gi\ l' dirl'l"t and total tluences :lI1d thl' build-up 
factor lor thrlC'e repre-sentative X-ray sources. In 
the- 1l10noe-llergetic source case (Figure 4-14). the 
direct lluel1l.:t: is attenuated exponentially (in 
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addition to the spherical divergence, which is 
not included since the fraction of vacuum fill- 
ence is the quantity shown). The build-up fac- 
tor, which includes photons of degraded energy, 
rises so rapidly that the total fluence for short 
ranges actually exceeds that expected for the' 
vacuum case, in which only spherical divergence 
would be operating. Figure 4-15 and 4-16 show 
results for black body source spectra, also nor- 
malized to the vacuum fluence. Notice that the 
direct fluences are no longer exponential, al- 
though in the latter case a mass attenuation co- 
efficient corresponding to about five times the 
black body temperature gives reasonable results. 
The normalized fluences for the latter two cases 
tabulated in Table 4-6. 


cold X-rays are attenuated much more quickly 
the mass attenuation 
fficient 


4-'4 
Low Altitude Endoatmospheric 
Detonations • 
. 


• 
Low altitude (deep) endoatmospheric 
detonations are the next simplest case - 
after 
vacuum detonatiol1s - because the air density is 
sufficiently high that most of the attenuation 
occurs close to tht' burst point. Therefore, there 
are no l,lTge variations in density to :.Jffect criti- 
cally the computation offluellces. In particular. 
the density of air through which the scattered 
X-ra)s ri.?ach :.J given point does not differ greatly 
from that through which the direct X-rays pent'- 
trate. Although whether or not altitudes are low 
(detonations are deep) depends on the energy 
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Figure 4-14 .• 
Energy Fluence and Build-up Factor for a 
Monoenergetic Source in Homogeneous Air. 
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Table 4-6 . 
X-Ray Fluences for Black Body Sources II 


• 
spectrum of the weapon, if deep endoatmo- 
spheric conditions do prevail. the X-ray environ- 
ment can be approximated by mass integral scal- 
ing. The total quantity of air (the mass integral) 
between the source and the point of interest is 
computed as described in paragraph 4-11, and 
then the appropriate direct and scattered flu- 
ences for the given energy spectrum are calcu- 
lated as described in paragraphs 4-12 -and 4-13. 
Examples of such calculations are provided in 
Problems 4-5 and 4-6. Less detailed examples are 
ciiscl1sc;eci in the folio 
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e 
u e nces for the same mass- 


10 egra iy scaled distances in directions other 
than horizontal are approximately the same. For 
instance, the actual distance to the 10 cal/cm2 
contour will be somewhat larger vertically up- 
ward than horizontally because the air is some- 
what less dense: conversely, the distance vertical- 
ly downward will be somewhat smaller. The 
resulting fluence contours are egg-shaped. 


_ 
Furthermore, the computed fluences 
wfte even more accurate at the same mass- 
integrally scaled distances as the burst pOint falls 
lower in the atmosphere. The X-ray fluence con- 
tours will tend to become more spherical and 
contract because of the increasing air density. 
On the other hand, the reliability of the compu- 
tations decreases as the burst altitude increases 


) 


( 


-----------~ 
-_._._--._-----_._------ 
'- 


, 


effects on materials may depend 
environment 


X-ray damage mechanisms _ 


are discussed in Section V of Chapter 9. 
_ 
~ 
The spectrum of the direct fluence tends 


t~ome harder - 
that is, its proportion of 
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SEPARATION DISTANCE (kilof.,t) 
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Figure 4-1"- Mass Integral for Specified Coaltitude Separation 


'~nces as a Function of Altitude. 
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high energy X-rays increases - as the mass of air 
penetrated increases. This phenomenon occurs 
because the higher cross sections, particularly 
for photoelectric absorption, occur at lower 
energies and preferentially remove low energy 
X-rays from the direct f1uence. However, every 
Compton scattering process degrades the energy 
of the scattered photon, and the scattered com- 
ponent of the f1uence tends to become increas- 
ingly soft as the penetration increases. These 
two effects partially compensate for one an: 
other, and the typical black bodyspecfrum is 
little affected by passage through air. 
_ 
The rate of X-ray production from 


~eaponsas 
cussed in 


Because the scatte 
component is soft- 
n the direct component and arrives later, 
the spectrum of X-rays incident also varies with 
time in a complex fashion, and the dependence 
varies with the quantity of air traversed. Similar- 
ly, the direct f1uence is all moving radially out- 


ward from the source, whereas the scattered 
. photons can be incident from all directions, even 
from directly opposite the source. Thus the frac- 
tion of the energy flux moving outward (angles 
less than 90° from the radial vector) varies with 
time and location. In general, the fraction de- 
creases from unity as time increases. However, 
when all times are considered, about 80 percent 
of the total f1uence is outward for most ranges, 
and the fact that a portion of the fluence is 
backscattered . can be neglected for most appli- 
cations. 


4-15 
High Altitude Endoatmospheric 
Detonations • 
. 


• 
When nuclear detonations are so high 
that mass integral scaling is not correct, but yet 
sufficiently endoatmospheric that vacuum con- 
ditions are not satisfied, special and detailed cal- 
culations must be made for each case of interest. 
Although mass integral scaling is applicable for 
the direct f1uence. the scattered component tra- 
verses paths of varying composition, and detailed 
Monte Carlo computer codes are necessary to 
describe the interactions. 


,~ 
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-.- 
. 
p 
g 
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puting horizontal ranges, the curvature of the 
earth was considered. The resulting total f1uence 
contours are shown in Figure 4-21. Contours for 
the mass integral are also shown. Vacuum f1u- 
ences and attenuation factors can be computed 
and direct f1uences predicted from these con- 
tours. 
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Problem 4-5. . Calculation of Direct Fluence in the Atmosphere 


_ 
Because every interaction of a photon 


with the material it traverses takes it out of the 
beam, the attenuation of direct fluence is expo- 
nential with the mass integral traversed, for a 
given energy of X-ray photon. Changes in spec- 


~::.:: :!-. .::~: ~3n be computed by calculating the 
contributions of the various energy components 
as the atmosphere is penetrated. As discussed in 
paragraph 4-12, the weighting of monoenergetic 
components becomes laborious for complex 
spectra, and these calculations usually are per- 
formed with computer codes. For this reason, a 
very simple example has been chosen to iJlus- 
procedure 
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